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peptide (PACAP). In the adult, the Amn neuropeptide isDiverse Mechanisms
strongly—but not exclusively—expressed by two largeto Remember Various Odors neurons, the dorsal paired medial (DPM) neurons (Wad-
dell et al., 2000). DPM neurons project onto the mush-
room body lobes, a major memory center in insect. The
cAMP pathway plays a central role in Drosophila asso-Two dorsal paired medial (DPM) neurons express the
ciative memory. In particular, the Ca2/Calmodulin-Amnesiac neuropeptide and project onto mushroom
dependent Rutabaga adenylate cyclase (an enzyme thatbodies, the Drosophila olfactory memory center. In
synthesizes cAMP) is strongly expressed in mushroomthis issue of Neuron, Keene et al. show that higher-
body axonal projection, where it is thought to be a coin-level brain circuits process various olfactory memo-
cidence detector that links at the molecular level theries differently. DPM neurons are required during
conditioned stimulus (the olfactory signal) and the un-acquisition of some odors and during memory consoli-
conditioned stimulus (the electric shock) (reviewed indation of others. These findings reveal a surprising
Heisenberg, 2003; Davis, 2004). In that context, the Amnlevel of complexity for the formation of olfactory mem-
peptide is believed to be secreted by DPM neuronsories in Drosophila.
following conditioning and to activate the Rutabaga en-
zyme via an unknown G-coupled transmembrane recep-How are memories encoded in the brain? How are mem-
tor (Waddell et al., 2000). Keene et al. (2004) presentory centers organized? Recent studies in mammals have
important new information on how amn and DPM neu-led to the model that the brain contains multiple anatom-
rons intervene during information acquisition and mem-ically distinct systems for creating and storing specific
ory consolidation. In particular, the authors tackled anaspects of memory. These systems are not thought to
often neglected but important issue: in the generationbe independent, but rather to interact with each other
of olfactory memories, are different odors processed bydynamically. A major challenge facing neuroscientists
the same mechanisms or by a different mechanism atstudying memory is to define these interactions and
higher levels of brain circuits?uncover the links between the various levels of nervous
Previous studies have suggested that DPM neuronssystem organization, starting with molecules and cells,
play an acute rather than a developmental role in mem-then neuronal circuits, and finally the global cognitive
ory (Waddell et al., 2000). The present work goes onefunctions of the brain. Owing in no small part to the
step further by showing that the morphology of DPMoverall complexity of the mammalian brain, it seems a
neurons is normal in amn mutants and that blockingdaunting task to be able to forge these links between
DPM neuron secretion during the consolidation phasemolecules, cells, and circuits—it is here that simpler
diminishes octanol or methylcyclohexanol memory tomodel systems, such as Drosophila, provide an impor-
the level displayed by amn loss-of-function mutants.tant venue for discovery. In this issue of Neuron, the
These results argue against the idea that amn is requiredpaper from Keene et al. (2004) is a beautiful example of
during development for memory, as had been previouslyhow recently developed genetic and molecular tools
suggested by another group (DeZazzo et al., 1999), but
for Drosophila have made it possible to study these
to definitively prove this point, rescue of amn memory
questions in a way that is unmatched by other biologi-
defect by expressing Amn in adult DPM neurons will
cal systems.
need to be achieved. What is the mechanism by which
Despite the small size of the Drosophila brain (about Amn promotes these effects? The authors suggest that
100,000 neurons in total, but less than 40,000 neurons the role of DPM neurons is likely mediated at least in
if the optic ganglions are excluded), it can generate part by Amn peptide release onto the mushroom body
various forms of associative memory after presentation itself, but since DPM neurons express choline acetyl-
of an odor paired with electric shocks. Moreover, recent transferase, there is also the possibility that acetylcho-
studies have also shown that Drosophila exhibit distinct line is coreleased by the DPM neurons and may contrib-
but interacting phases of memory (Isabel et al., 2004; Tully ute together with Amn to the effects.
et al., 1994), similar to what has been described in higher Octanol, benzaldehyde, and methylcyclohexanol are
animals. In addition, Drosophila has several advantages odors that have been used successfully to condition
over other systems. For instance, there exists a large Drosophila. Keene et al. performed a careful analysis of
battery of genetic tools that allow one to spatially and the role of DPM neurons and amn in acquisition and
temporally manipulate Drosophila neuronal circuits. For memory processing and showed, somewhat surpris-
example, using the enhancer-trap Gal4 system (Brand ingly, that each of these three odorants is processed in
and Perrimon, 1993) combined with the UAS-shibire a slightly different way (see Table 1). DPM neurons are
construct that encodes a thermosensitive mutant toxin required for learning in response to benzaldehyde, but
(Kitamoto, 2001), one can transiently block the activity not to methylcyclohexanol or octanol. On the contrary,
of particular brain circuits during either conditioning, DPM neurons are required for memory consolidation of
memory consolidation, or retrieval. In addition, given octanol and methylcyclohexanol. Furthermore, amn is
that the Drosophila brain is far less complex and presum- required for learning methylcyclohexanol, but this effect
ably less redundant than the mammalian brain, if the ma- does not involve the DPM neurons. It seems likely that
nipulated circuits are indeed involved in memory pro- studying more odorants and more brain circuits will re-
cessing, one is more likely to be able to see an effect veal additional diversity.
at the level of behavior. Keene et al. made another unexpected discovery.
The amnesiac (amn) gene encodes a small peptide They show that flies devoid of the classical olfactory
organs, the antennae and the maxillary palps, are stillwith homology to pituitary adenylate cyclase-activating
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Table 1. Olfactory Memory Processing: Variations on a Theme
Memory
Acquisition Memory Consolidation Retrieval
DPM Neurons DPM Neurons DPM Neurons
Odorant amn Involved Involved amn Involved Involved Involved
Benzaldehyde    (*) ? ?
Methylcyclohexanol    (*)  
Octanol     
(*) amn being involved in acquisition for this odor, the implication in consolidation is merely hypothesized at present.
DeZazzo, J., Xia, S., Christensen, J., Velinzon, K., and Tully, T. (1999).able to detect benzaldehyde. Genetic experiments sug-
J. Neurosci. 19, 8740–8746.gest that chemosensory bristles present on the legs
Heisenberg, M. (2003). Nat. Rev. Neurosci. 4, 266–275.and/or the labelum (a gustatory organ of the proboscis)
Isabel, G., Pascual, A., and Preat, T. (2004). Science 304, 1024–1027.may represent a noncanonical pathway that senses
Keene, A.C., Stratmann, M., Keller, A., Perrat, P.N., Vosshall, L.B.,benzaldehyde. Is this noncanonical pathway also in-
and Waddell, S. (2004). Neuron 44, this issue, 521–533.volved in olfactory memory? Apparently not, as flies
Kitamoto, T. (2001). J. Neurobiol. 47, 81–92.deprived of antennae and maxillary palps show no benz-
Tully, T., Preat, T., Boynton, S.C., and Del Vecchio, M. (1994). Cellaldehyde learning. The authors nevertheless propose
79, 35–47.that the associative learning of benzaldehyde might in-
Waddell, S., Armstrong, J.D., Kitamoto, T., Kaiser, K., and Quinn,volve signal integration of the electric shock pathway
W.G. (2000). Cell 103, 805–813.with benzaldehyde information from all systems that
detect this odorant. This would imply some kind of syn-
ergistic interaction between the canonical and the non-
canonical olfactory pathways. Ultimately, it will be im-
portant to identify which neurons are involved in this
noncanonical pathway and to test their requirement for
these forms of memory.
The present work shows that we are still fairly far
removed from really understanding how the Drosophila
brain processes olfactory information. Not all odors have
identical meaning for the animal, and it appears that the
brain shows parallel variability at the circuitry level. This
is true at the sensory and antennal lobe levels but is
also true in higher-order memory centers. We still have
a lot to learn about how odors are translated into memo-
ries, even in a relatively simple system such as Drosoph-
ila, and this paper calls for important follow-ups: What
are the DPM input neurons? How are DPM neurons
activated upon odor and/or electric shock presentation?
Do DPM neurons need to be active for long periods
to sustain memory consolidation in mushroom bodies?
Questions such as these can be addressed by blocking
the activity of DPM neurons for various lengths of time
after conditioning and by optical imaging. At the molecu-
lar level, it remains to be seen how DPM neurons activate
mushroom body neurons. What is the nature of Amn
receptor onto the mushroom body? What are the re-
spective roles of acetylcholine and Amn in DPM
neurons?
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